[1] Dual-beam ELF wave generation experiments performed at the High-frequency Active Auroral Research Program (HAARP) HF transmitter are used to investigate the dependence of the generated ELF wave magnitude on HF power, HF frequency, modulation waveform, and receiver location. During the experiments, two HF beams transmit simultaneously: one amplitude modulated (AM) HF beam modulates the conductivity of the lower ionosphere at ELF frequencies while a second HF beam broadcasts a continuous waveform (CW) signal, modifying the efficiency of ELF conductivity modulation and thereby the efficiency of ELF wave generation. We report experimental results for different ambient ionospheric conditions, and we interpret the observations in the context of a newly developed dual-beam HF heating model. A comparison between model predictions and experimental observations indicates that the theoretical model includes the essential physics involved in multifrequency HF heating of the lower ionosphere. In addition to the HF transmission parameters mentioned above, the model is used to predict the dependence of ELF wave magnitude on the polarization of the CW beam and on the modulation frequency of the modulated beam. We consider how these effects vary with ambient D-region electron density and electron temperature.
Introduction
[2] Extremely low frequency (ELF, 3-3000 Hz) and very low frequency (VLF, 3-30 kHz) waves can be generated by modulated high frequency (HF, heating of the D-region ionosphere ($60-100 km altitude) in the presence of naturally forming electric currents, such as the auroral electrojet [e.g., Getmantsev et al., 1974; Stubbe et al., 1982; Papadopoulos et al., 2003; Cohen et al., 2010] . The magnitude of ELF/VLF waves generated in this manner are dependent upon the ambient ionospheric conditions, such as the electron density and the electron temperature [e.g., Tomko et al., 1980; Stubbe et al., 1982; Barr and Stubbe, 1984; James et al., 1984; Rietveld and Stubbe, 1987; Papadopoulos et al., 1990; Stubbe, 1991a, 1991b; Cohen et al., 2010; Moore and Agrawal, 2011] , as well as on the background geomagnetic conditions that drive the strength of the auroral electrojet [e.g., Stubbe et al., 1981; Rietveld et al., 1983; Papadopoulos et al., 2003; Payne, 2007; Jin et al., 2011] . Additionally, in an effort to understand the dynamics of high power radio wave heating of the ionosphere, a number of studies have investigated the dependence of the generated ELF/ VLF signal strength on the HF transmission parameters, such as HF power, HF polarization, and modulation frequency [e.g., Ferraro et al., 1984; Stubbe, 1991a, 1991b; Villaseñor et al., 1996; Milikh et al., 1999; Moore et al., 2006; Fujimaru and Moore, 2011] . With the completion of hardware upgrades at the High frequency Active Auroral Research Program (HAARP) HF transmitter in Gakona, Alaska in 2007, studies focused on the interactions between two powerful HF radio waves in the ionosphere can now be performed regularly. This paper presents experimental observations performed during one particular type of dualbeam HF heating experiment, focusing on the generation of ELF waves using one amplitude modulated (AM) HF beam and one continuous waveform (CW) HF beam, as depicted schematically in Figure 1 .
[3] Recently, Moore and Agrawal [2011] critically evaluated the ELF/VLF signal magnitudes generated using one AM beam and one CW beam at HAARP. They compared observations performed during CW-OFF periods and CW-ON periods (with CW power at 100%) for one combination of HF frequencies. Among the various experimental measurements performed, they determined that additional CW heating had the largest impact on the received ELF/VLF signal magnitude, and they suggested that measurable changes in ELF/VLF signal magnitude would result for different combinations of HF frequencies and for different levels of CW power.
[4] In the present paper, we directly evaluate the predictions made by Moore and Agrawal [2011] , using the same dual-beam HF heating method but employing ten different CW power levels (including CW-OFF) and four distinct HF frequency combinations. Additionally, we perform the experiment using five different modulation waveforms and present observations performed at three significantly different distances from HAARP (3 km, 33 km, and 98 km). The experimental observations are compared to the predictions of a dual-beam ionospheric HF heating model [Moore and Agrawal, 2011] , demonstrating that the model properly characterizes the ELF wave magnitude dependence on the transmission parameters. The dual-beam HF heating model is further employed to predict the dependence of ELF wave magnitude on the polarization of the CW beam and on the modulation frequency of the modulated HF beam. Within the context of this model, we establish that the ELF signal magnitude is sensitively dependent on the altitude distribution of both the electron density and the electron temperature within the D-region ionosphere, and we identify conditions under which the two parameters may be decoupled. Based on the experimental observations and the theoretical calculations presented herein, we suggest that dualbeam HF heating experiments may possibly be used as part of a D-region diagnostic in the future.
[5] This paper progresses in the following manner: Section 2 describes the experiment and provides an overview of the instrumentation employed; Section 3 presents a general description of experimental observations performed during the dual-beam HF heating experiment; and Section 4 directly compares the observations and model predictions. Section 5 provides a discussion and a summary of the presented material.
Description of the Experiment
[6] The 3.6 MW HAARP HF transmitter located at Gakona, Alaska (62.39 N, 145 .2 W) consists of a 12 Â 15 array of crossed dipole antennas (360 active elements). During three half-hour periods on 20, 21, and 25 July 2011, HAARP used a dual-beam heating configuration for which the HF array was split into two 6 Â 15 (1800 kW) sub-arrays capable of simultaneously transmitting two independent HF beams at different HF frequencies. The first sub-array broadcast an amplitude modulated HF signal in order to generate ELF waves; we will refer to the modulated beam as Beam 1. At the same time, the second sub-array broadcast a CW wave at a different HF frequency and varied the power of the transmission; we will refer to the CW beam as Beam 2. The center frequency for Beam 1 alternated between 5.8 and 6.9 MHz (X-mode), and the peak power was held constant at 100%. The modulation was driven at 1225 Hz using five different modulation waveforms: square, sinusoid, square-root-sinusoid (sqrt-sine), triangle, and sawtooth. The center frequency for Beam 2 alternated between 3.25 and 4.5 MHz (X-mode), resulting in four different HF frequency combinations between Beam 1 and Beam 2. The center frequency of Beam 2 was selected to be lower than that of Beam 1 in order to bathe the entire modulated ionospheric region with CW power, as depicted in the cartoon diagram of Figure 1 . The peak power of Beam 2 increased (in 1-dB steps) from À8 dB to 0 dB (full power), resulting in ten CW power levels (including CW-OFF). Each CW power level was held constant for a one-second duration, and the CW transmission alternated between CW-OFF and CW-ON every other second to provide a means to evaluate changes in the electrojet field strength [Barr and Stubbe, 1993] . For each frequency combination, the 18-second transmission format was repeated five times: once for each modulation waveform.
[7] Figure 2 maps . Each receiver system consists of two orthogonal magnetic loop antennas oriented to detect the radial and azimuthal components of the magnetic field at ground level, a preamplifier, a line receiver, and a digitizing computer. Accurate timing is provided by a GPS clock. The receiver is sensitive to magnetic fields with frequencies between $300 Hz and $45 kHz. The signals were sampled at 100 kHz with 16-bit resolution. In post-processing, the amplitudes and phases of the received ELF tones were determined using 1-second-long discrete Fourier transforms.
Description of the Data Set
[8] Figure 3 shows the first harmonic ELF signal magnitude (at 1225 Hz) received at Paradise during the three thirty-minute duration transmission blocks on 20, 21, and 25 July 2011. Signals with high (>10 dB) signal-to-noise ratio (SNR) were observed throughout the half-hour transmission periods on 20 July and 25 July. Our analysis will focus on observations performed during these two days, which are highlighted with a gray background in Figure 3 . On both days, the HAARP fluxgate magnetometer registered magnetic field fluctuations of over 100 nT during the transmission periods, and the k p index was 3+. The level of absorption, as measured by the 30-MHz HAARP riometer, was much higher on 20 July ($0.2 dB) than on 25 July (<0.1 dB). Additionally, ionospheric electron density profile estimations performed by the HAARP digisonde at the times of transmission indicate that the ionospheric profiles were dramatically different on the two days, even in the D-region: the electron density at 100 km was $3.6 Â 10 4 /cm 3 on 20 July, whereas it was less than 1.2 Â 10 4 /cm 3 on 25 July. The comparison of observations performed on these two days will thus be used to experimentally investigate dual-beam ELF wave generation as a function of ambient ionospheric conditions.
[9] Figure 4 shows 90-second spectrograms of the magnetic field recordings performed at Paradise on 20 July 2011. Figures 4 (top) and 4 (bottom) correspond to the NorthSouth (NS) and East-West (EW) channels of the receiver, respectively. During this 90-second period, HAARP broadcast five 18-second formats, one for each of the five different modulation waveforms employed. In order, these are: square, sinusoid, sqrt-sine, triangle, and saw-tooth waveforms. In all cases, the first harmonic at 1225 Hz is clearly visible in the spectrograms for each channel. Higher-order harmonic content is observed to depend on the modulation waveform. While observations of the higher-order harmonics are important, this paper will focus solely on the first harmonic component.
[10] Figure 5 (bottom) shows the magnitude of the 1225 Hz tones observed at Paradise during the 30 minute transmission period on 20 July 2011. The alternating gray and white backgrounds represent the repetition of the 8-minute transmission format, which includes four distinct HF frequency combinations (between Beam 1 and Beam 2). Within each section, four distinct groups of data points ranging from $105 to $122 dB are clearly discernible, and these groups correspond to observations as a function of HF frequency combination. The data points ranging from $80 to $92 dB are performed during transmitter off times, and the largest of these amplitudes is used to estimate the noise floor.
[11] Figure 5 (top) provides an expanded-time view of the 90-second transmission period for Beam 1 at 5.8 MHz and Beam 2 at 4.5 MHz. During this 90-second period, Beam 1 continuously modulated the conductivity of the lower ionosphere, changing the modulation waveform every 18 seconds. At the same time, Beam 2 broadcast a CW wave every other second (alternating between on and off) increasing the power of the transmission in 1-dB steps over the course of 18 seconds. The observations shown in Figure 5 demonstrate that the first harmonic magnitude during CW-OFF periods is clearly stable over each 18-second period, varying by less than 1 dB. The CW-OFF signal stability indicates that the ionosphere and the strength of the auroral electrojet were stable over the transmission sequence. The first harmonic magnitude also clearly depends on the modulation waveform employed, as can be seen by the several-dB changes in magnitude when the modulation waveform changes. These changes in magnitude are approximately consistent with Fourier analysis of the power envelope of the transmitted modulation waveform, as described by Barr and Stubbe [1993] , and the slight deviations from Fourier analysis will be discussed in Section 4. During the CW-ON periods, the 1225 Hz signal magnitude is observed to decrease with increasing CW power for all modulation waveforms, consistent with the observations presented by Moore and Agrawal [2011] .
[12] The data shown in Figures 3-5 are generally representative of our observations at all receiver sites and for all transmission periods, although the SNR varies with both time and site location. Table 1 summarizes the SNR observed at each receiver site for all days of observations during the transmission blocks. N/A entries indicate that the ELF receiver at Oasis had not yet been deployed to the site. To calculate the SNR levels shown in Table 1 , the noise floor is approximated during periods when the HF transmitter is off.
[13] In the following section, we provide detailed analysis of these observations as a function of CW power, HF frequency combination, modulation waveform, and receiver location, and we compare the observations with the results of a dual-beam ionospheric HF heating model. [14] In this section, we compare observations and model predictions for the ELF signal magnitude received on the ground. The dual-beam ionospheric HF heating model used in this work is the same as that presented by Moore and Agrawal [2011] , with its functionality extended to account for the five modulation waveforms employed in this work. The model simultaneously and self-consistently accounts for multibeam HF absorption and propagation through the D-region ionosphere. It takes as input parameters the directions of the HF beams, the HF frequencies and polarizations, the modulation frequency, and the ERPs of the beams. The ambient electron density and temperature profiles employed (see Figure 6 ) have been used in previous work [e.g., Moore [Labitzke et al., 1985; Hedin, 1991] . The dual-beam heating model calculates the complete time-evolution of the ionospheric conductivity components (Hall, Pedersen, and Parallel) as a function of time and space, and these conductivities are interpolated onto a 1-km 3 grid. The model thus inherently accounts for the group delays of the HF waves to each of the ionospheric grid points and for the temporal reaction of the plasma to the high-power HF signals. Both of these effects modify the phase of the ELF source currents as a function of space.
Analysis
[15] Ionospheric ELF source currents are approximated by multiplying the Hall, Pedersen, and Parallel conductivities by the electrojet electric field strength, which is assumed to be constant throughout the D-region ionosphere and oriented parallel to the ground. Complication arises when one considers that D-region heating by the electrojet currents themselves may affect the amplitude of the radiated ELF fields. Model calculations (not shown) indicate that the conductivity modulation produced by modulated HF heating together with a 5 mV/m electrojet field strength is less than 0.2-dB different than that calculated with a 100 mV/m electrojet field, however. It is thus a good approximation to assume that the ELF source currents vary linearly with the electrojet field strength. Although this model assumes that the electron energy distribution remains Maxwellian throughout the heating process, the minimal impact of electrojet heating on the calculated conductivity modulation indicates that this assumption is likely to be valid even for fully kinetic models.
[16] With the distribution of ionospheric ELF source currents in hand, the magnetic field is calculated for a given ground-based receiver location assuming that the ELF source takes the form of spatially distributed set of dipoles over a ground plane [e.g., Payne, 2007] . For receiver locations within $75 km of HAARP, this is a good approximation: Payne [2007] demonstrated that within $75 km of HAARP the magnitude of the magnetic field calculated using a distributed dipole model closely matches that calculated using a more complete model that accounts Earth-ionosphere waveguide effects and for the secondary ionospheric currents generated during the modulated heating process. In order to mitigate the errors associated with neglecting these effects, the observations are normalized to the magnetic field observed during CW-OFF periods. This normalization cancels the effects of the Earth-ionosphere waveguide and the varying electrojet field strength to first order [Barr and Stubbe, 1993] , allowing for the direct comparison of observations and modeling results.
[17] Because we present only normalized field values in this paper, it is worth noting that this model is fully capable of predicting absolute field strengths. For the profiles shown in Figure 6 , and for reasonable (5-100 mV/m) values of the electrojet field strength [e.g., Banks and Doupnik, 1975; Stubbe et al., 1981; Papadopoulos et al., 2003; Payne, 2007] , the magnetic field magnitudes predicted at a receiver located $33 km from HAARP vary from $40 fT to $20 pT, which are very reasonable field values compared to past and present experimental observations [e.g., Stubbe et al., 1982; Rietveld et al., 1986 Rietveld et al., , 1989 Villaseñor et al., 1996; Cohen et al., 2010] . The range of possible field values can be easily extended using a greater variety of ionospheric profiles. As mentioned above, however, absolute field measurements depend on Earth-ionosphere waveguide effects, on the generation of secondary ionospheric currents, and on the strength of the electrojet currents, in addition to the conductivity modulation produced by HF heating. In order to isolate the effects of HF heating, this paper exclusively presents normalized field observations.
[18] We now describe the dual-beam heating aspects of this ionospheric HF heating model. Figure 7 presents the results of an illustrative modeling example under dual-beam heating conditions. Figure 7 (left) shows the maximum and minimum electron temperatures achieved during a modulated heating cycle as a function of altitude. As the CW power increases, the minimum electron temperature increases to a greater extent than the maximum electron temperature, resulting in an overall reduction in electron temperature modulation. Figure 7 (right) shows the amplitude of Hall conductivity modulation as a function of altitude. Increased CW heating also results in the significant reduction of the Hall conductivity modulation at lower altitudes (below $85 km). The reduction in conductivity modulation results in the overall reduction of magnetic field strength observed at the receiver.
[19] In the remainder of this section, we compare observations with the predictions of the dual-beam HF heating model as a function of CW HF power, CW HF frequency, modulated HF frequency, modulation waveform, and receiver location. Experimental observations are used to demonstrate that the change in conductivity modulation as a function of CW power is a measurable quantity that is sensitive to the ambient conditions of the D-region ionosphere. A theoretical analysis considering the cases of CW HF polarization and the modulation frequency of the modulated HF beam is also presented.
CW HF Power
[20] The four panels of Figure 8 show the observed (black traces) and predicted (color traces) ELF wave magnitudes as The predictions for all twelve combinations of electron density and electron temperature profiles are shown for each case, and each trace has been normalized so that 0 dB corresponds to the 1225 Hz magnitude observed during periods with the CW beam OFF. As mentioned previously, this normalization cancels the effects of the Earth-ionosphere waveguide to first order and provides a means to account for the variation in electrojet field strength over the course of the experiment [Barr and Stubbe, 1993] .
[21] First considering only the experimental observations, all four traces exhibit similar variations with CW ERP: the normalized ELF magnitude decreases as a function of increasing CW ERP, and the rate of decrease increases with increasing CW ERP. Although we have only shown the first repetition of 20 July 2011 for each frequency combination on this figure, all other iterations of the experiment exhibit these same characteristic features. For all power levels with the CW beam ON, the normalized magnitudes at 1225 Hz are less than those observed during periods with the CW beam OFF, consistent with the observations reported by Moore and Agrawal [2011] . Comparing the left and right panels of Figure 8 (i.e., for constant CW HF frequency), subtle differences exist between the observations as a function of CW power, and we will consider these differences in detail in subsequent subsections. Comparing the top and bottom panels (i.e., for constant HF frequency of the modulated wave), it is evident that for a given ERP value, the 3.25 MHz CW signal suppresses the ELF magnitude to a greater extent ($2 dB) than does the 4.5 MHz CW wave. We will consider this dependence in greater detail in Section 4.2.
[22] Now considering the model predictions together with the experimental observations, Figure 8 clearly demonstrates that all traces (both experimental and theoretical) exhibit a similar dependence on CW ERP: the normalized ELF magnitude decreases as a function of increasing CW ERP, and the rate of decrease increases with increasing CW ERP. In general, the predicted ELF magnitudes show good agreement with observations, although specific details of the traces clearly depend upon the specific ambient electron density and electron temperature profile employed. Nevertheless, comparing the left and right panels of Figure 8 (i.e., for constant CW HF frequency), the differences between model predictions as a function of Beam 1 frequency are very similar to those exhibited by the observations. Furthermore, comparing the top and bottom panels (i.e., for constant HF frequency of the modulated wave), the model predicts that the 3.25 MHz CW signal will suppress the ELF magnitude to a greater extent ($2 dB) than the 4.5 MHz CW wave for a constant ERP level, strikingly similar to observations.
[23] Having compared experimental observations with theoretical predictions as a function of CW power, we continue our analysis by comparing results as a function of the HF frequency of the CW beam.
CW HF Frequency
[24] Figure 9 (top) presents experimental observations of the 1225 Hz signal magnitude performed on 20 July 2011 (solid traces) and on 25 July (dashed traces) at Paradise (PD) as a function of CW ERP. The power steps for the two different CW frequencies employed span two distinct ERP ranges. In order to determine the dependence on CW frequency, we compare the 3.25/5.8 (red) traces with the 4.5/5.8 (green) traces and the 3.25/6.9 (blue) traces with the 4.5/6.9 (purple) traces. The observations performed on 20 July 2011 exhibit nearly identical dependencies on CW ERP (after discounting for the different CW frequencydependent gains): the initial suppression offset and the spread of suppression as a function of CW power, as defined in the figure, are essentially the same. Observations performed on 25 July 2011, under different ambient ionospheric conditions, however, clearly indicate that the suppression offset is $1-2 dB greater for 3.25 MHz than for 4.5 MHz and that the suppression spread as a function of CW ERP is $1-2 dB greater for 3.25 MHz than for 4.5 MHz. In this case, the suppression offset and the spread are both different as a function of HF frequency combination. These experimental observations indicate that the received ELF magnitude as a function of CW frequency is sensitively dependent upon the ambient ionospheric conditions.
[25] Figure 9 (bottom) presents model predictions for four different ionospheric profile combinations (I-A, II-C, II-D, and III-A). The level of ELF magnitude suppression differs as a function of CW frequency, and this difference changes as a function of ionospheric profile combination, dependent upon both the ambient electron density and electron temperature profile employed. Modeling results exhibit both small and large differences in suppression offset and spread as a function CW frequency. We expect that a different set of ionospheric profiles will reproduce the large ($3-dB) initial suppression offset observed on 25 July 2011, although we have made no effort to do so here. Most importantly, both observations and model predictions indicate that the level of ELF magnitude suppression by additional CW heating sensitively depends on the frequency of the CW signal and on the ionospheric conditions.
[26] Having compared experimental observations with theoretical predictions as a function of CW HF frequency, we continue our analysis by comparing results as a function of the modulated HF frequency.
Beam 1 HF Frequency (Modulated)
[27] We continue to refer to Figure 9 to investigate the dependence on the modulated (Beam 1) HF frequency. In this case, we compare the 3.25/5.8 (red) traces with the 3.25/6.9 (blue) traces and the 4.5/5.8 (green) traces with the 4.5/6.9 (purple) traces. On a given day and for a given CW HF frequency, the normalized ELF magnitude for 5.8 MHz is extremely similar to that for 6.9 MHz. For both CW frequencies (3.25 and 4.5 MHz), the differences in ELF magnitude suppression are nearly negligible at low CW power levels. For a CW frequency of 3.25 MHz, at higher (>74 dBW ERP) CW power levels, the signals generated using 6.9 MHz are slightly more suppressed than those generated using 5.8 MHz, with the difference in suppression increasing with increasing CW power up to a maximum difference of 0.5-1.0 dB (depending on the day, and thereby ambient ionospheric conditions). For a CW frequency of 4.5 MHz, similar differences are observed at higher CW power levels (>80 dBW ERP), although the difference in the level of suppression is less than for the 3.25 MHz CW signal, maximizing at $0.25 dB.
[28] The model predictions for the four different ambient ionospheric conditions shown in Figure 9 (bottom) exhibit the same general trends exhibited by the experimental observations: the difference in the level of suppression between Beam 1 frequencies increases with increasing CW power. For the ambient ionospheric combinations considered, the predictions indicate that ELF signals generated using 5.8 MHz may be more or less suppressed than those generated using 6.9 MHz. Additionally, 3.25 MHz may create larger or smaller differences than 4.5 MHz, depending on the ionospheric profile combination. At the highest CW power levels, the difference in suppression may be as high as 1.0 dB, also depending on the ambient ionospheric profile combination employed. Based on both experimental observations and theoretical predictions, we conclude that while the dependence on Beam 1 (modulated) HF frequency is measurable at these CW power levels, significant ($1-dB) differences are detectable only at higher CW power levels, when the ELF SNR is lower (and the error bars are higher). As a result, the difference in CW suppression as a function of Beam 1 frequency is a difficult measurement to perform in practice.
[29] Having compared experimental observations with theoretical predictions as a function of Beam 1 (modulated) HF frequency, we continue our analysis by comparing results as a function of amplitude modulation (AM) waveform.
Modulation Waveform
[30] Figure 10 (left) shows the normalized average ELF magnitude experimentally observed as a function of AM waveform on 20 July and 25 July 2011. These particular measurements were performed during CW-OFF periods, and they are normalized by the first Fourier harmonic component of the respective ideal signal waveforms, taking the average square-wave signal magnitude as a 0-dB reference. Accounting for the error bars, shown in gray, the difference in normalized signal magnitude measured between the two days varies between $0.10 and $0.80 dB as a function of modulation waveform, with the largest difference occurring for the saw-tooth waveform. We note that the 20 July 2011 observations are larger than the 25 July 2011 observations for all modulation waveforms. Because the transmission format did not change between the two days, these differences are attributable to the different ambient ionospheric conditions on the two days. The model predictions for the normalized ELF magnitude as a function of electron density (for electron temperature Profile A) are shown in Figure 10 with the predictions of the theoretical model, all experimentally measured values are within $0.5-dB of the theoretical results, with the worst correspondence occurring for the sqrtsine modulation waveform. Considering that a CW beam is not required to perform this measurement, the SNR does not significantly suffer as a result (as opposed to the Beam 1 frequency case). It thus appears to be the case that careful observations of the relative magnitudes generated using different AM waveforms may yield independent information regarding the ambient ionospheric conditions.
[31] Now considering the effects of additional CW heating, Figure 11 (top) shows the normalized ELF magnitude at 1225 Hz as a function of CW power for a constant Beam 1 HF frequency of 5.8 MHz. The observations are presented for both 20 July (solid traces) and 25 July (dashed traces). On both days, the normalized ELF magnitude for all five AM waveforms produce nearly identical results at all CW ERP levels, with the singular exception of the square-wave modulation case for 5.8/4.5 MHz on 20 July. The results for a Beam 1 HF frequency of 6.9 MHz (not shown) are similar in all respects. Figure 11 (bottom) shows the model predictions for the five AM waveforms as a function of CW ERP, using two different sets of ambient ionospheric conditions (I-A and II-D). The predictions for both sets of ambient profiles exhibit extremely similar variations of ELF magnitude for all five modulation waveforms as a function of CW ERP, with the largest offsets (only $0.25-dB) occurring for the triangle and saw-tooth waveforms. Based on these results, we conclude that additional CW power does not provide additional independent information about the ambient ionospheric conditions as a function of the modulation waveform. Considering the effects of CW heating on the higher-order harmonic content produced as a function of modulation waveform is beyond the scope of this paper.
[32] In the following section, we compare observations and model predictions for different ELF receiver locations as a function of CW power.
Receiver Location
[33] Figure 12 (top) shows the normalized ELF signal magnitude observed at Sinona Creek (SC, 33 km from HAARP) and at Paradise (PD, 98 km from HAARP) on 20 July 2011 as a function of CW ERP for the four combinations of HF frequencies employed. Note that two sets of traces in Figures 12 (top) and 12 (middle) have been falsely offset by 2 dB and two sets of model predictions (Figure 12 , bottom) have been offset by 1 dB for aesthetic purposes in order to facilitate the comparison as a function of receiver location. The normalized ELF magnitudes observed at the two locations are essentially the same (within the error bars) for all CW power levels and all HF frequency combinations. The error bars for the Sinona Creek measurements are high (>2 dB in some cases), however. The deployment of an ELF receiver at Oasis (OA, 3 km from HAARP) enabled high SNR measurements at two receiver sites on 25 July 2011. Figure 12 (middle) shows the normalized ELF observations at Paradise and Oasis on 25 July. For the Beam 2 CW frequency of 4.5 MHz, the observations are very similar at the two sites and the error bars overlap at almost all CW power levels. The same is not true for the Beam 2 CW frequency of 3.25 MHz. At low (<76 dB) CW power levels, the ELF magnitude generated by 5.8 MHz observed at Paradise is lower than that observed at Oasis by $1 dB. The difference decreases with increasing CW ERP. A similar variation is observed for the 6.9 MHz signal below 73 dB ERP, although the maximum difference is less than 0.25 dB. Figure 12 (bottom) shows the predicted normalized ELF magnitude as a function of CW ERP at all three ground based receivers. The model predictions are in general agreement with the observations, except at low power levels, and show that the normalized ELF magnitudes are expected to have comparable levels as a function of receiver location. We attribute the deviation observed at Paradise for low CW ERP levels to the effects of the Earth-ionosphere waveguide and possibly to the generation of secondary ionospheric currents , neither of which are accounted for by our propagation model. Earth-ionosphere waveguide effects are expected to be important at receiver locations greater than $75 km from HAARP [Payne, 2007] , and Paradise is 98 km distant.
[34] It is interesting to note that at higher CW ERP levels and for higher CW HF frequencies, the observations presented in Figure 12 are very much in line with model predictions. We hypothesize that the altitude of the ELF source region plays a role in determining the relative importance of Earth-ionosphere waveguide effects at the receiver site. For instance, Moore and Agrawal [2011] showed (theoretically) that additional CW heating increases the altitude of the effective ELF source region. Furthermore, the ELF source produced by modulated heating at higher HF frequencies is expected to occur at somewhat higher altitudes than for lower HF frequencies [Stubbe and Kopka, 1977] . Last, higher altitude sources are expected to excite the Earth-ionosphere waveguide less effectively than lower altitude sources [e.g., Tripathi et al., 1982] . Together, these considerations may explain the normalized ELF magnitudes observed at Paradise for low and high CW ERP levels.
[35] Based on the observations and theoretical modeling, we conclude that additional measurements at receiver locations within $75 km of HAARP will not contribute a significant amount of additional information about the ambient D-region ionosphere. Nevertheless, additional observations at locations greater than $100 km from HAARP could possibly provide more information regarding other effects, such as those related to the Earth-ionosphere waveguide or to secondary ionospheric currents.
[36] Having completed our comparison of experimental observations with model predictions, we now present theoretical predictions for the normalized ELF magnitude as a function of the polarization of the CW HF beam and the modulation frequency of the modulated beam.
Polarization
[37] It is well known that modulated X-mode heating produces higher amplitude ELF waves that does modulated O-mode heating [Stubbe et al., 1981 [Stubbe et al., , 1982 Ferraro et al., 1984; James et al., 1984; Villaseñor et al., 1996] . In order to increase the SNR of our observations, we choose to use an X-mode polarized HF beam to modulate the ionospheric conductivity for all experiments. In this section, we theoretically investigate the effects that are produced by changing the polarization of the CW beam, as opposed to that of the modulated HF beam. Figure 13 shows the model predictions for CW heating using both X-and O-mode polarizations for the CW beam. Results for two ionospheric profile combinations (I-A and II-D) are presented. In both cases, O-mode CW heating suppresses the normalized ELF magnitude to a lesser extent than X-mode heating. For Profile I-A, O-mode heating appears to have an almost negligible effect on the ELF magnitude, whereas for Profile II-D, O-mode heating produces 2 dB of suppression at the highest CW ERP level. Based on these model predictions, we suggest that the difference in the level of ELF magnitude suppression produced by X-mode and O-mode CW heating (1) is measurable, and (2) produces independent information regarding the ambient ionospheric conditions. For instance, for Profile I-A, the difference in the suppression produced by X-and O-mode CW heating increases with CW ERP from $0.25 dB at the lowest CW ERP level to $3.5 dB at the highest CW ERP level. For Profile II-D, the difference increases from $0.75 dB to $5.5 dB. Additionally, the suppression offsets and spreads are significantly different (>3 dB), especially at high CW power levels. Measurements comparing X-and O-mode CW suppression could significantly contribute to an analysis of ambient ionospheric conditions.
Modulation Frequency
[38] Figure 14 shows the predicted ELF magnitude as a function of CW ERP for two different modulation frequencies and for two different ambient ionospheric profile combinations. For both modulation frequencies, increasing the CW power increases the level of ELF magnitude suppression, and for both ionospheric profiles, the signal generated using the higher modulation frequency is suppressed to a lesser extent. The difference in suppression (as a function of modulation frequency) increases from $0.25 dB at the lowest CW power level to 0.75-1.0 dB at the highest CW power level for both ionospheric profiles. While these differences as a function of CW power level are not as large as the differences produced by X-and O-mode heating, they are detectable. Nevertheless, the system response would need to be calibrated to a very tight tolerance at the different modulation frequencies to provide reliable observations as a function of modulation frequency. We thus conclude that while measurements comparing CW suppression as a function of modulation frequency and CW power can provide additional information regarding the ambient ionospheric conditions, such measurements would be difficult to perform reliably in practice.
Discussion
[39] Experimental observations performed during powerstepped dual-beam ELF wave generation experiments at HAARP have been presented and compared to the predictions of a dual-beam ionospheric HF heating model. Comparisons were performed as a function of HF power, HF frequency, modulation waveform, and receiver location. Model predictions agree well with observations, demonstrating that the model incorporates the essential physics involved in multibeam HF heating of the lower ionosphere. We evaluated the sensitivity of the received ELF wave magnitude to these controllable parameters and interpreted the dependence on ambient ionospheric conditions. As a result, we have identified the types of transmissions that may provide a significant amount of information regarding the ambient conditions of the D-region ionosphere. While an inverse procedure to derive the ambient electron density and temperature profiles from these measurements remains to be presented, the observations and modeling presented herein strongly suggest that dual-beam ELF wave generation experiments can play an important role in a possible future D-region diagnostic.
[40] In many cases, the modeling results indicate that the suppression of ELF magnitude by additional CW heating depends sensitively on both the electron density and electron temperature profiles. In fact, one of the major difficulties in providing a D-region diagnostic for these parameters is simply to separate the effects of electron density and electron temperature. Figure 15 presents summary charts of ELF magnitude suppression as a function of CW ERP, with the traces organized by electron density profile. It is clear that for electron density Profiles 1 and 2, the electron temperature profile employed significantly impacts the resulting ELF signal magnitude. For electron density Profile 3, however, the results are essentially independent of electron temperature, indicating that for larger D-region electron densities, the effects of electron temperature are minimized.
[41] We conclude by enumerating our experimental and theoretical results:
[42] 1. For high CW power levels, the introduction of additional CW heating reduces the amplitude of the received ELF wave. The rate of ELF magnitude suppression increases with increasing CW power.
[43] 2. The level of ELF magnitude suppression depends on the CW frequency employed, and the level of suppression as a function of CW frequency is sensitively dependent on the ambient ionospheric conditions.
[44] 3. The level of ELF magnitude suppression also depends on the frequency of the modulated HF beam, although to a lesser extent than the CW frequency.
[45] 4. The ELF signal magnitude as a function of modulation waveform (without CW heating) also depends on the ambient ionospheric conditions, whereas the suppression supplied by additional CW heating is extremely similar as a function of modulation waveform.
[46] 5. ELF receivers located at significantly different distances from HAARP (3-98 km) register similar normalized ELF magnitudes at high CW power levels. Differences exist at lower CW power levels, and we attribute these differences to the effects of the Earth-ionosphere waveguide at larger distances.
[47] 6. A theoretical analysis predicts that O-mode CW heating may provide additional independent information to observations performed using X-mode CW heating and that these observations are sensitively dependent on the ambient conditions of the D-region.
[48] 7. Last, we predict that the effect of CW heating will decrease with increasing modulation frequency.
